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Alumina—mullite-zirconia composites

Part 1 Colloidal processing and phase-formation
characteristics
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A boehmite-silica—zirconia precursor powder with a uniform spatial distribution of
constitutive phases was prepared from the corresponding ternary sol by compressing the
electrical double layer (EDL) without altering the magnitude of the surface potential at a pH
of 3.5. Both the rheological data and the calculated potential energy of interaction indicated
that the mixed ternary sol formed weakly coagulated units in a shallow potential energy well
after the compression of EDL at a pH of 3.5. The effects of a-Al,O; seeding on the phase-
formation characteristics were then systematically examined. It was observed that the
a-Al,0; seeding facilitated the formation of «-Al,O; but that it suppressed the growth of
mullite in the alumina-mullite-zirconia composite. These observations were attributed to
the epitaxial effect of a-Al,O; seeds which preferentially induced the formation of corundum

phase over mullite formation.

1. Introduction

Extensive research effort has been expanded in order
to improve the mechanical properties of Al,O; based
ceramics. Amongst these mechanical properties,
toughening resulting from dispersed ZrO, particles is
the single most extensively studied area [1-3]. When
the ZrO, inclusions have tetragonal symmetry, the
toughening and concomitant strengthening have been
attributed to the volume and shape changes asso-
ciated with the stress-induced tetragonal — mono-
clinic (t — m) transformation, which occurs in the
stress field of propagating cracks [1-5]. On the other
hand, the microcrack nucleation at transformed m-
ZrO, particles in zirconia-toughened alumina (ZTA)
occurs in the stress field of propagating cracks, leading
to an increase in fracture toughness comparable to
that achieved by the stress-induced t — m trans-
formation [1,3,6,7].

Unfortunately, at temperatures above 700 °C, most
ZrO,-toughened ceramics cannot be used for load-
bearing engineering parts. It seems that the following
three factors are mainly responsible for the observed
degradation in the high-temperature mechanical
properties of ZrO, dispersed composites: (i) an in-
crease in the thermodynamic stability of the tetra-
gonal phase and thus a decrease in the driving force
for the t — m martensitic transformation [7,8] ; (ii) a
decrease in the residual (thermal, elastic) strain and
thus a decrease in the driving force for the microcrack
nucleation [7] and (iii) high creep rates caused by the
presence of intergranular films [9].

In order to improve the high-temperature mechan-
ical properties of ZrO, toughened ceramics, various
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strengthening strategies have been attempted [9].
Amongst these the prevention of glassy intergranular
phases appears to be a highly promising approach. It
has been proposed [9] that the degradation of the
high-temperature mechanical properties of ZrQO,
toughened ceramics can be improved by the incorpo-
ration of mullite (3A1,05 - 2Si0,). It has been dis-
cussed [9] that the intergranular phases in mullite
-zirconia composites mainly exist at the grain junc-
tions rather than at grain boundaries (non-wetting
grain boundaries). Therefore, the degration of mecha-
nical properties due to the presence of amorphous
intergranular films can be overcome in mullite-zirco-
nia composites. Furthermore, mullite itself has excel-
lent high-temperature structural properties, especially
high creep resistance up to ~1300°C [10,117].

In view of these facts, the incorporation of mullite
into ZTA composites is expected to improve its high-
temperature mechanical properties. Therefore,
alumina-mullite—zirconia (abbreviated as AMZ here-
after) composites potentially have excellent mechan-
ical propertics over a wide range of temperatures.
A few studies have been reported on AMZ composites
[12-14]. However, to date the fabrication of AMZ
composites, has been limited to the reaction sintering
method using zircon and alumina as starting mater-
ials. Furthermore, due to problems associated with in
situ chemical reaction, microstructural control of the
composites was unsuccessful.

The present article proposes and tests a new collo-
idal processing scheme for fabricating a dense AMZ
composite with a uniform microstructure. Ultrafine
( < 100 nm) boehmite, Ludox silica, and monoclinic
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Kinetically stable boehmite (~80 nm)
and silica (~40 nm) sols
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Figure 1 Schematic diagram showing the basic concepts of the
fabrication of alumina—mullite—zirconia composite by a colloidal
processing route.

zirconia powders were used as the starting materials.
Itis reported that a-Al,O, seeding significantly lowers
the transformation temperature of a boehmite gel and
subsequently improves the microstructure of alumina
[15,16]. The effects of a-Al, O3 seeding on the phase-
formation characteristics and the densification behav-
iour of AMZ composites were also systematically
examined. The basic concept of the fabrication of
AMZ composites (or multicomponent ceramics, in
general) used in this study is illustrated in Fig. 1. The
present article focuses on the development of a collo-
idal processing scheme and also the phase-formation
mechanisms of a boehmite—silica—zirconia precursor
system. The microstructural development and the
toughening of sintered AMZ composites are the sub-
jects of a forthcoming paper [17].

2. Experimental procedure

A commercial Ludox SiO, powder {AS-40, Du Pont .

Chem. Co., USA) was used as the source of silica in the
present study. It had an average size for the primary
particle, determined by a transmission electron micro-
scope (TEM), of 40 nm. The average particle size of the
boehmite powder (Disperal Boehmite, Remet Chem.
Co., Chadwicks, NY, USA) as determined by a laser-
light scattering experiment was approximately 80 nm
at pH 3.5, and its specific surface area was 160 m* g~ *.
A pure, undoped monoclinic zirconia powder (UEP,
Daichi Kigenso Kagaku Kogyo Co., Japan) was used
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as the source of zirconia. The average particle size in
the zirconia sol at a pH of 3.5 was 50 nm. Unless
otherwise specified, the composition of the AMZ com-
posites used in this study is 50 wt% alumina—-30 wt%
mullite—20 wt% zirconia (after sintering).

The a-Al,O5 seeds were prepared by a collotdal size
separation of commercially available a-Al,O; (aver-
age particle size, 0.4 um; AL-160SG-1, Showa Denko,
Japan). The average particle size of the a~-Al,O; seeds
used in this study was 0.2 pm (200 nm), and more than
90% of the seed particles were within the range of
100-300 nm.

An electrokinetic stability of the colloidal suspen-
sion is an important factor for the homogeneous fabri-
cation of a multicomponent precursor powder. The
electrophoretic mobility of particles in a colloidal sol
was determined by the electrophoretic laser-light scat-
tering method (Zetasizer III, Malvern Instruments
Co., Malvern, England). Detailed experimental des-
criptions of the sample preparation and the measure-
ment of electrophoretic mobility were given in a pre-
vious article [18]. The zeta (£) potential as a function
of sol pH was estimated from the electrophoretic mo-
bility data and the ionic conductivity (ionic strength)
using the method of Wiersema, Loeb, and Overbeek
[19].

Optimum conditions for the fabrication of a boeh-
mite—silica—zirconia precursor powder from colloidal
sols were deduced from rheological data. Rheological
flow characteristics of colloidal sols were determined
using a concentric cylinder viscometer (Model RV-
100/CV-100, Haake, Germany). Steady rotational
flow curves (ie., shear stress versus shear rate) were
generated by increasing the shear rate from zero to the
maximum desired value, in 2 min, immediately fol-
lowed by decreasing the shear rate back to zero in
another 2 min. The amount of solid in the boech-
mite-silica—zirconia mixed sol is approximately 15
wi%.

In the fabrication of a boehmite-silica—zirconia pre-
cursor powder, a kinetically stable boehmite sol at pH
3.5 and a silica sol at pH 8 were first prepared separ-
ately using electrostatic stabilization. The desired
amount of silica was incorporated into the bochmite
sol by a slow dropwise addition of the silica sol under
intense stirring whilst maintaining the pH at 3.5. The
mixed sol was kinetically stable with a {-potential of

+ 43 mV. The boehmite—silica binary sol was then
mixed with the separately prepared zirconia sol while
stirring at a pH of 3.5. The bochmite-silica—zirconia
ternary sol at pH ~ 3.5 was apparently stable. In order
to minimize any phase segregation amongst constitu-
ent sol particles, and thus, maintaining spatial homo-
geneity in the distribution of dispersed ZrO, particles
in the resulting composite, ammonium carbonate
solution was introduced under intense stirring. The
pH of the ternary sol was maintained at a constant
value by a simultaneous dropwise addition of nitric
acid whilst the pH value was constantly monitored.
The addition of salt to the mixed sol caused it to gel
rapidly by the compression of the electrical double
layer (EDL). This essentially eliminated the problems
associated with differential settling and produced



a composite powder with a uniform distribution of
constituent phases.

The wet gel was then dried in an oven at 100 °C. The
dried gel was calcined at 500 °C for 4 h. The calcined
powders were then pressed into pellets and cold-iso-
statically-pressed under a pressure of 2000 kgcm 2.
The compacts were then sintered in air at various
temperatures below 1600 °C for 1 h with both heating
and cooling rates of 5°C per min. Sintered compacts
were analysed for phase content using an X-ray dif-
fractometer (DMAX-3B, Rigaku, Japan). Since stabil-
ized cubic ZrO, was absent in the present composites,
the relative phase fractions for the dispersed ZrO,
polymorphs were determined with Cu K, radiation
using the method of Garvie and Nicholson [20].

3. Results and discussion
3.1. Colloidal processing of precursor powder
Fig. 2 shows the zeta potential data of silica, boehmite,
zirconia, and the mixed sol containing boehmite and
silica as a function of sol pH without adding any
external electrolyte to control the ionic strength. The
isoelectric points (IEP) of silica, boehmite, and zirco-
nia are 2.7, 8.8 and 5.8, respectively. The zeta potential
characteristics of boehmite are similar to those of
o-Al,O5 [21,22]. The mixed sol consists of a mixture
of boehmite and silica with the volume ratio of 7.7: 1
and thus corresponds to 50 wt% alumina: 30 wt%
mullite in the resulting composites after sintering. As
shown in Fig. 2, its pH dependence of the zeta poten-
tial resembles that of boehmite rather than that of
silica.

Laser-light scattering experiments indicated that
the particle size of the boehmite—silica mixed sol at pH
3.5 was slightly less than 200 nm in diameter and
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Figure 2 Zeta potentials of; (l) boehmite, (o) silica, () zirconia and
(©) boehmite-silica binary sols as a function of pH.

increased rapidly above a pH of 4. As previously
mentioned, the average diameter of silica and that of
boehmite were 40 nm and 80 nm, respectively. The
zeta potential of the mixed sol at pH 3.5 was + 43 mV
(Fig. 2). From these experimental observations (par-
ticle size and zeta potential), one can conclude that
a negatively charged silica particle is surrounded by
several positively charged boehmite particles via elec-
trostatic interaction, and this heterocoagulated ag-
gregate, approximately 200 nm in diameter, forms
a colloidal unit in the boehmite-silica mixed sol at
a pH of 3.5. The mixed sol is also kinetically stable by
virtue of its high zeta potential. Further evidence of
the colloidal stability was obtained by examining
rheological behaviour of the mixed sol at the pH of
3.5. As is shown in Fig. 3, the boehmite-silica binary
sol at a pH of 3.5 is characterized by Newtonian
behaviour. This suggests that there is no strong at-
tractive interaction between the heterocoagulated
units. The zeta potential data of the binary sol near
pH 3.5 ( + 4045 mV; Fig. 2) also support this con-
clusion.

Since the zirconia is also stable at a pH of 3.5
(+ 37 mV in {-potential; Fig. 2), the two sols (i.e., the
zirconia sol and the bochmite-silica binary sol) can be
admixed uniformly whilst maintaining a good collo-
idal stability. The boehmite-silica—zirconia ternary sol
was also apparently stable near a pH of 3.5. As is
shown in Fig. 3, the rheological behaviour of the ter-
nary sol is represented by nearly Newtonian flow. This
indicates that the boehmite—silica~zirconia mixed sol
does not form coagulated units in a deep potential

20
15 F
(5}
@
©
ol
2
-E: 10 o
‘@
o
8
=
5 -
(4}
e
~eme—- - -~ (3)
(2}
(1
0 1 !
0 100 200 300

Shear rate (s7)

Figure 3 Viscosity of various sols plotted as a function of shear rate.
The systems studied are (1) boehmite-silica mixed sol at pH = 3.5,
(2) zirconia sol at pH = 3.5, (3) boehmite-silica—zirconia ternary sol
at pH = 3.5 before the compression of EDL, (4) boehmite-sil-
ica—zirconia ternary sol at pH = 3.5 after the compression of EDL
and (5) boehmite-silica—zirconia ternary sol at pH = 7.
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energy well (primary minimum). As a semi-quantita-
tive approximation, the surface potential (\{ 4) of a ce-
ramic (metal oxide) dispersion can be represented by
the following Nernst-type equation [237:

Vo = {2303 kT/e} - (pH, — pH) (1)

where pHy, is the pH of the bulk medium at which the
surface charge density becomes zero (point of zero
charge (PZC) or IEP), k is the Boltzmann constant,
and e is the unit electronic charge. The surface poten-
tials estimated by the Nernst approximation are
~310 mV for the boehmite sol and ~ 140 mV for the
zirconia sol at a pH of 3.5. These values of ¢ are large
enough to prevent boehmite and zirconia particles
from coagulating in the deep primary minimum in the
interparticle potential energy.

Since H* and OH ™ are the two potential-determin-
ingions (PDI) for metal oxides, the surface potential of
a given aqueous sol is solely determined by the pH
value, as discussed in Equation 1. Thus, the addition
of an inert electrolyte other than H* and OH ™ to the
above ternary sol would simply increase the ionic
strength of the aqueous medium without significantly
altering the magnitude of the surface potential (\ o)
and cause it to gel rapidly by the compression of the
electrical double layer (EDL). Since the surface poten-
tial essentially remains constant, the particles form
weakly attractive units in a shallow potential-energy
well (secondary minimum) rather than in the deep
primary minimum [23,24], thereby avoiding the
formation of an irregular, randomly coagulated net-
work.

Based on this idea, an inert electrolyte (ammonium
carbonate solution) was added to the mixed ternary
sol. Since the time scale involved in a given double-
layer relaxation (ie., the time needed by an ion to
diffuse through the thickness of EDL) is very short
[24], the increase of ionic strength immediately indu-
ces gelation or coagulation. This essentially eliminates
the problems associated with the phase segregation (or
differential settling) and eventually produces a com-
posite precursor powder with a uniform spatial distri-
bution of constitutive phases. This is the key idea of
the present processing scheme.

As is shown in Fig. 3, the rheological flow curve of
the ternary sol after the compression of EDL (at a pH
of 3.5) is represented by pseudoplastic behaviour, and
not by thixotropic behaviour. On the other hand,
the increase of pH of the sol to 7 (near IEP of the
mixed sol) then immediately induces a rapid coagula-
tion in the primary potential-energy minimum
(Smoluchowski limit). As expected, the ternary sol
coagulated at the pH of 7 exhibits thixotropic behav-
iour (Fig. 3). Therefore, the viscosity data further sup-
port the previous conclusion that the compression of
EDL at a pH of 3.5 without altering the surface
potential leads to the formation of a weakly coagu-
lated network in the shallow secondary potential-en-
ergy minimum.

A transmission electron micrograph of the boeh-
mite—silica—zirconia composite powder calcined at
500°C for 4 h is shown in Fig. 4. The darker particles
are monoclinic ZrO,. As is shown in Fig. 4, the size of
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Figure 4 Transmission electron micrograph of boehmite—silica—zir-
conia composite powder calcined at 500°C for 4 h.

the primary ZrO, particles is approximately 50 nm
(0.05 pm), and this value is exactly consistent with that
of the ZrO, sol determined by the laser light-scatter-
ing method at a pH of 3.5. This clearly indicates that
the zirconia sol was well-dispersed without any exten-
sive coagulation at a pH of 3.5.

3.2. Potential energy of interaction

Our strategy on the colloidal processing of mixed
precursor powder by the compression of EDL without
altering the surface potential is further supported by
examining the potential energy of interaction between
approaching colloid particles. In our experimental
conditions, the total interaction energy of two ap-
proaching particles (V) is the sum of two contribu-
tions, which are the electrostatic repulsion due to an
overlap of two diffuse electrical double layers (V) and
the London-van der Waals attraction (V). Using the
DLVO (Derjaguin-Landau—Verwelf~Overbeek) the-
ory, the interaction energy of two dissimilar spherical
particles with radii a; and a, in cgs units can be
written as [25,26] :

Vit (So) = Ve + Va 2)
V. — eaia, (Vg1 + )
R =
4ay + ay)
{ 201 Vo2 [1 + exp( — KSo)]
(Wg1 +U52)  [1 —exp( —xSo)]
+ In[1 —exp(— 21(50)]} 3)
K = (8mne*z?/ekT)!? )
V.- A v . v
AT DWW Huwtu W Hwtuto
2
+ 21n2_”ilfiu_} (5)
u"t+uv+utv
u=S8y2a, and v=afa, for a; >a, (6)

where ¢ is the relative dielectric permittivity of the
medium (78.5 for aqueous dispersion), 1/x is the De-
bye-Hiickel length, S, is the surface-to-surface dis-
tance of separation between two approaching par-
ticles, n is the bulk concentration of electrolyte ions



100 T T T T T T v T
60 &
0 @

~20 } { .

Vi, (kT unit)

—_ 60 1 i 1 [l 1 A
0 10 20 30 40 50

S, (nm)

Figure 5 Potential energy of homointeraction (V) for (1) boeh-
mite-silica sol (a; =a, =100nm) and (2) zirconia sol
(@, = a, = 25 nm) as a function of the surface-to-surface distance of
separation for a ‘¥, of + 40 mV.

present in the medium, and z is the valence of counter-
electrolytes. V¢ in Equation 3 is the surface (coulom-
bic) potential which can be replaced, to a good ap-
proximation, by the zeta potential under the condition
of thermal Brownian collision [24]. Equation 3 is
valid for the condition of constant low surface poten-
tial. A in Equation 5 is the Hamaker constant and
depends on the physical properties of particles and
dispersion medium. The Hamaker constant of the
aqueous boehmite sol was approximated by that of
the aqueous alumina sol. The Hamaker constants
used in the present calculation were taken from the
work of Bleier and Westmoreland [27]. These are
45%1072°7, 139x10717J, and 79x1072°7J for
boehmite, zirconia, and boehmite—zirconia aqueous
sols, respectively.

Fig. 5 shows the calculated potential energy of
homointeraction (V) for the boehmite-silica sol
(a; =a, =100nm) and that for zirconia sol
(a; = a; = 25 nm) as a function of the surface-to-sur-
face distance of separation for Vro; =V, x{= +
40 mV at a pH of 3.5. Since the volume ratio of
boehmite/silica is 7.7: 1 and the boehmite-silica mixed
sol forms heterocoagulated colloidal units, the
Hamaker constant of the binary sol was simply re-
placed by that of boehmite sol. This does not affect
our conclusion on the stability of the boehmite-silica
mixed binary sol. The calculated potential energy of
interaction indicates that the boehmite—silica sol at
a pH of 3.5 ({ = + 40 mV) is characterized by a large
value of the potential energy barrier (~80 kT). Con-
trary to this, the zirconia sol is represented by a signifi-
cantly smaller potential energy barrier (~20 kT) and
seems to be close to the stability boundary. However,
as discussed previously, both the viscosity data (Fig. 3)
and the TEM result (Fig. 4) clearly indicate that the
zirconia sol at a pH of 3.5 is kinetically stable with the
absence of rapid Brownian coagulation. Since the zeta
potential 1s the lower limit of the surface potential, the
calculated potential energy barrier shown in Fig. 5
{(~20kT) also corresponds to the lower limit value.
Therefore, the actual value of the potential energy
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Figure 6 Potential energy of heterointeraction between boeh-
mite-silica composite particle (¢; = 100 nm) and zirconia particle
(a, = 25nm) for a Wy of + 40 mV under the conditions of ionic
strength of; (1) k=585x10°cm™! (107%*% M), () k=
1.04x10°ecm ™1 (1073 M), (3) x =233 x10°em 1 (5x 1073 M), @«
=329x10°cm 1 (1072 M) and (5) x = 1.04x 107 em ™1 (10™* wm).

barrier for the zirconia sol must be larger than 20 kT.
This interpretation justifies the observed data shown
in Figs. 3 and 4.

The potential energy of heterointeraction between
the boehmite-silica composite particle (a; = 100 nm)
and zirconia particle (a, = 25 nm) for {43 = Yoo &
= +40mV (pH 3.5) under various conditions of
1onic strength (thus, k) was calculated and is displayed
in Fig. 6. The curve (1) was calculated under the condi-
tion of 10> M for the bulk concentration of electro-
lyte (ie, x = 5.85x10°cm™?!). This approximately
corresponds to a dilute sol at a pH of 3.5 without any
external addition of inert electrolyte. As is shown in
Fig. 6, the potential energy barrier at a pH of 3.5
(curve (1)) is approximately 30 kT with the absence of
a shallow potential well. Therefore, one would expect
that the boehmite—silica—zirconia mixed sol at a pH of
3.5 1s kinetically stable and exhibits Newtonian behav-
iour before the compression of EDL. This prediction
accords with the rheological behaviour of the mixed
sol, as is shown in curve (3) of Fig. 3. Although the
height and the thickness of the potential energy bar-
rier decrease significantly with increasing ionic
strength, the existence of a shallow potential well (the
secondary minimum) is not evident over a wide range
of ionic strength. Thus, this calculated result does not
agree with the observed rheological behaviour at
a higher ionic strength (for M > 5x 107* M; curve (4)
of Fig. 3).

It was shown that the rheological behaviour of the
mixed ternary sol (Fig. 3) undergoes a transition from
Newtonian to pseudoplastic after the compression of
EDL by the addition of the inert electrolyte, while
maintaining low viscosity values. This clearly indi-
cates that the mixed ternary sol forms weakly coagu-
lated units in a shallow potential energy well after the
compression of EDL at a pH of 3.5. If the boeh-
mite-silica composite particle forms a coagulated unit
with a zirconia particle after the EDL compression,
the effective radius of a particle will increase. As is
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Figure 7 Potential energy of homointeraction between boeh-
mite-silica-zirconia coagulated units (@ = 250nm) for a ¥, of
+ 40 mV under the same conditions of ionic strength as that used
in Fig. 6. The numbering in this graph therefore corresponds to that
used in Fig. 6.

shown in Fig. 6, the calculated potential energy of
interaction for an ionic strength greater than 5 x 1073

M is less than 10 kT, supporting the possibility of this
coagulation.

Assuming that the boehmite—silica composite par-
ticles undergo a heterointeraction with the zirconia
particles, forming weakly coagulated units with an
effective radius of 250 nm, one can estimate the poten-
tial energy of homointeraction between these coagu-
lated units under various conditions of ionic strength.
As is shown in Fig. 7, the potential energy of interac-
tion for ionic molarity values between 5x 1072
~1.0x 10”% M exhibits a shallow potential well (sec-
ondary minimum), while maintaining a sufficiently
large potential energy barrier. Therefore, the cal-
culated result indicates that, after the compression of
EDL, the boehmite-silica-zirconia mixed sol at a pH
of 3.5 ({ = 40 mV) undergoes a rheological transition
from a kinetically stable state (Newtonian) to a weakly
coagulated state in a shallow potential well (pseudop-
lastic). This justifies our processing scheme on the
mixed sol processing and explains the observed
rheological data.

3.3. Phase-formation characteristics

Fig. 8 presents X-ray diffraction patterns of the un-
seeded boehmite-silica—zirconia composite pellets
heat-treated at various temperatures for 1 h (heating
rate, 5°C per min). Similarly, XRD patterns of the
3wt% o-Al,O3 seeded specimens heat-treated at
various temperatures are shown in Fig. 9. For both
specimens, monoclinic ZrO, begins to transform to
tetragonal ZrO, below 1200 °C, reflecting the thermo-
dynamic stability of the tetragonal phase above
~1150°C.

Regardless of the o-Al,O5 seeding, the formation of
zircon was not observed (Figs. 8 and 9). The observed
suppression of zircon formation can be attributed to
the presence of alumina. It is known that alumina
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Figure 8§ XRD patterns of the unseeded boehmite—silica—zirconia
composite pellets heat-treated at various temperatures for 1 h (A:
a-Al,Os, ¥ mullite, T: t-ZrO,, M: m-ZrO,).
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Figure 9 XRD patterns of the 3wt% 2-Al;O; seeded boeh-
mite-silica—zirconia composite pellets heat-treated at various tem-
peratures for 1 h (A: 0-Al,O3, ¥: mullite, T: t-ZrO,, M: m-ZrO;).

reacts with zircon above 1400 °C, forming mullite and
ZrO, by the following reaction [28§,297 :
3A1,05 + 2ZrSiO, — 3A1,0; - 2510, + 2Zr0O, (7)

Therefore, the presence of alumina expedites the
formation of mullite and suppresses the formation of
detrimental zircon.



As shown in Fig. &, neither a-Al,O3; nor mullite in
the unseeded specimen crystallizes until the temper-
ature reaches 1300°C. On the other hand, the XRD
patterns of the seeded specimen (Fig. 9) indicate that
the intensity of XRD peaks associated with o-Al,O;
increases gradually (1100-1300°C) with increasing
temperature below 1300 °C. A comparison of the re-
sults of Fig. 8 with those of Fig. 9 further indicates that
the relative fraction of mullite at 1300 °C is smaller in
the a-Al, O3 seeded specimen than in the unseeded
specimen. Therefore, one can tentatively conclude that
the o-Al,O; seeding facilitates the formation of o-
Al,O; but suppresses the growth of the orthorhombic
mullite phase.

The validity of the above conclusion was carefully
examined by estimating the relative peak intensities of
o-Al,O; (corundum) and mullite with respect to a cer-
tain standard peak. Since the total content of zirconia
remains constant, one can take the total intensity for
zirconia (I,,,) as an internal standard. According to the
study done by Garvie and Nicholson [207], I, can be
written as: Ip = I (1 11) + I(111) + I(111), where
I.(hkl) and I(hkl) are the integral intensities of the
(hkl) peaks of the monoclinic and tetragonal phases,
respectively. Since the cubic phase was absent in the
composite specimens, no peak intensity contribution
from the cubic phase was included in the estimate of
Itot'

Fig. 10 and 11 show the relative XRD peak inten-
sities of the (1 13) plane of a-Al,O5 (26 = 43.36°) and
the (210) plane of mullite (26 = 26.27°) plotted as
a function of temperature. The data shown in Fig. 10
were taken from the specimens heat-treated at a given
temperature for 1 h. On the other hand, the relative
peak intensities presented in Fig. 11 were taken from
the specimens heated to a desired temperature and
cooled immediately without a holding time. As in-
dicated in the figures, the relative fractions of both the
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Figure 10 Relative XRD peak intensities of (11 3) plane of a-Al,O4
and (21 0) plane of mullite plotted as a function of temperature. The
total intensity for zirconia was taken as an internal standard. The
specimens were heat-treated at a given temperature for 1 h. The
plots are for (1) Seeded, aAl,O; (113}, (2) Seeded mullite (2 10), (3)
Unseeded, a-Al,O; (11 3) and (4) Unseeded, mullite (210).
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Figure 11 Relative XRD peak intensities of (1 1 3) plane of 0-Al,04
and (2 10) plane of mullite plotted as a function of temperature. The
total intensity for zirconia was taken as an internal standard. The
specimens were heated to a desired temperature and cooled immedi-
ately without holding. The plots are: (1) Seeded xAl,O3 (113), (2)
Seeded mullite (21 0), (3) Unseeded oAl O3 (1 13) and (4) Unseeded,
mullite (210).

o-Al,O5 and the mullite in the unseeded specimens
increased rapidly at 1300 °C. On the other hand, the
peak intensity corresponding to x-Al,O; starts to
increase at a temperature (~1100°C) well below the
1300 °C in the seeded specimen (curve 1 in Figs. 10 and
11), while the formation of mullite is retarded by the
a-Al, O3 seeding (curve 2). These effects are more
pronounced in the specimens cooled immediately after
reaching a desired temperature (Fig. 11). The observed
decrease in the relative fraction of x-Al,O5 in the
seeded specimen between 1300-1350 °C is directly re-
lated to the increase in the intensity of the orthorhom-
bic mullite phase in this temperature range and, thus,
can be attributed to the formation of mullite by the
reaction of 0-Al,O; with Si0,.

As is shown in Figs. 10 and 11, the two most out-
standing effects of o-Al,O; seeding on the phase-
formation characteristics of an AMZ composite are (i)
the selective (enhanced) formation of corundum phase
between 1100-1300°C (ie., lowering in the onset of
crystallization to o-Al,O5) and (ii) the retarded forma-
tion of mullite. The enhanced formation of 4-Al,O,
reflects an epitaxial effect caused by the submic-
rometer-sized o-Al,O; seeds. As mentioned pre-
viously, the enhanced formation of corundum phase in
the presence of seeds is accompanied by the retarda-
tion in the formation of mullite (curve 2 in Figs. 10 and
11). The activation free energy for the reaction of
transitional aluminas (such as vy and 8-polymorphs)
with silica must be less than that for the reaction
between o-Al,O; and silica since transitional
aluminas are thermodynamically less stable than co-
rundum. Therefore, in the unseeded specimens, mullite
is expected to be formed directly from the matrix
containing transitional aluminas and silica before un-
stable alumina polymorph(s) completely transform to
the stable corundum phase (curves 3 and 4).
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In the seeded specimens, however, the epitaxial ef-
fect of the a-Al,O5 seeds preferentially induces the
formation of the corundum phase before mullite
forms. Thus, the formation of mullite in the seeded
specimen 1s mainly caused by the reaction between
stable corundum and silica, which requires a larger
activation energy, thus a higher reaction temperature.
This explains the observed retardation in the forma-
tion of mullite in the presence of a-Al,O seeds. The
observed temporary decrease in the intensity of the
(113) w-Al, O3 peak during the formation of mullite
(1300-1350°C) in the seeded specimen clearly sup-
ports this conclusion.

Examination of the XRD patterns shown in Figs. 8
and 9 suggests that the fraction of tetragonal ZrO,
increases rapidly with increasing temperature and
then decreases above a certain critical temperature
(~1300°C). In order to examine this observation
more quantitatively, we have estimated the relative
phase fractions of the ZrO, polymorphs using the
method outlined by Garvie and Nicholson [20], and
these are shown in Fig. 12. It is known [30,31] that
the fraction of tetragonal phase sustained near room
temperature after sintering increases with increasing
the elastic modulus of the constraining matrix and
with decreasing the size of the ZrQ, particles (surface
effects). Therefore, the observed decrease in the frac-
tion of tetragonal phase above 1300 °C indicates the
growth of zirconia particles with increasing sintering
temperature.

As is shown in Fig. 12, the effect of the a-Al,O,
seeding (3 wt %) on the extent of tetragonal zirconia
fraction is evident in specimens sintered above
1400°C. The stabilization of the tetragonal phase in
the presence of «-Al,O; seeds is presumably due to the
increase in the sintered density of composite speci-
mens in the presence of seeds. It was observed that, for
a sintering temperature above 1400 °C, the a-Al,O;
seeding significantly enhanced the densification of the
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Figure 12 Fraction of tetragonal ZrO, as a function of sintering

temperature. All the specimens were sintered at a given temperature

for 1 h. The data was recorded for (M) Seeded and ((J) Unseeded
specimens.
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Figure 13 XRD patterns of the o-Al,O;-silica—zirconia composite
pellets heat-treated at various temperatures for 1 h (A: a-Al,O5, ¥:
mullite, T: t-ZrO,, M: m-ZrO,, Z: zircon, S; cristobalite).

AMZ composites [17]. The presence of pores after
sintering will relieve the stress induced in the matrix
and thus decrease the elastic strain energy. Therefore,
one can conclude that, for a given sintering temper-
ature or average particle size of zirconia, the fraction
of tetragonal phase increases as the sintered density of
the matrix increases.

The effects of the nature of the aluminium-contain-
ing precursor on the phase-formation characteristics
were examined using o-Al, O, instead of boehmite, as
a starting material. Fig. 13 shows XRD patterns of the
a-Al,O,—silica—zirconia composite pellets heat-
treated at various temperatures for 1 h (heating rate,
5°C per min). As indicated in the figure, both cris-
tobalite and zircon rapidly form at ~1300°C. How-
ever, the peak associated with cristobalite disappears
at 1400 °C, while the relative peak intensity associated
with zircon increases significantly as the temperature
increases from 1300 °C to 1400 °C. Therefore, the dis-
appearance of cristobalite is caused by the reaction of
Si0, with ZrO,, forming zircon in this temperature
range. As the temperature increases further, this zircon
reacts with alumina to form mullite and zirconia
(Equation 7). The appearance of the peaks associated
with mullite at 1500°C further supports this con-
clusion.

The observed phase-formation characteristics can
be more comprehensively understood by considering
the following three relevant solid-state reactions:

3A1,05 + 2810, (amorphous) — 3A1,0528Si0,
®)
SiO, (amorphous) + ZrO, — ZrSiOy 9)
SiO, (amorphous) — SiO,(cristobalite) (10)

For a composite system prepared with a boehmite
precursor, the formation of thermodynamically stable
mullite by Equation 8 is the dominant process near



Reaction sequences

1) Boehmite —silica-zirconia

Transition ALQ,
1300 °C

Amorphous silica ————————» «-Al,0,—Mullite-Zr0,

m-ZrO,— t-ZrO;

2) a-Alumina seeded boehmite —silica—zirconia

» o-Al,O,~Mullite-ZrO,

1300 °C

. ] 11001300 °C >1300 °C
Transition Al,O, »a-Al,O;
Amorphous silica
m-ZrQ,— t-Zr0,
3) a-Alumina-—silica-zirconia
a-Al,0,
ITI—ZFOZ"‘—> T-ZI’OZ 1300 °C

t-Zr0,

Amorphous silica

Cristobaiite

1500 °C

» Zircon Zrsio)— > a-AlLO,;-Mullite-ZrQ,

Figure 14 Mechanisms of phase evolution occurring in the three different types of precursors for alumina—mullite-zirconia composites.

1300 °C (Figs. 10 and 11). In consequence of this, the
formation of zircon (Equation 9) and cristobalite
(Equation 10) is suppressed. On the other hand, the
formation of mullite by Equation 8 is significantly
delayed in the a-Al,O5-silica—zirconia composite pre-
cursor because thermodynamically stable 0-Al,O;
rather than unstable transitional alumina participates
in the formation of mullite. Therefore, the formation of
zircon and cristobalite represented by Equations
9 and 10 is facilitated in the a-Al,O5-silica~zirconia
composite precursor. Therefore, the formation of zir-
con or cristobalite is directly associated with the de-
layed formation of mullite in the absence of
transitional aluminas and is mainly caused by a kin-
etic factor. Based on all the observations discussed so
far, we were able to delineate the mechanisms of phase
evolution occurring in the three different types of
precursor systems. These are summarized in Fig. 14.

4. Conclusions

A new colloidal processing scheme for fabricating
a boehmite-silica—zirconia precursor powder was pro-
posed and tested. The effects of a-Al,O; seeding on
the phase-formation characteristics of the precursor
systems were then systematically examined. The fol-
lowing conclusions were drawn.

1. A boehmite-silica—zirconia precursor powder
with a uniform spatial distribution of constitutive
phases was prepared from the corresponding ternary
sol by rapidly compressing the electrical double layer
(EDL) without altering the magnitude of the surface
potential at a pH of 3.5.

2. The rheological data indicated that the boeh-
mite-silica—zirconia ternary sol underwent a transi-

tion from Newtonian to pseudoplastic behaviour after
the compression of EDL at a pH of 3.5 by the addition
of an inert electrolyte, while maintaining low viscosity
values.

3. The calculated potential energy of interaction
further indicated that the mixed ternary sol formed
weakly coagulated units in a shallow potential energy
minimum after the compression of EDL ata pH of 3.5.

4. The two most outstanding effects of o-Al,O,
seceding on the phase-formation characteristics of
alumina—mullite-zirconia composite are (i) the en-
hanced formation of a corundum {(a-Al,O;) phase
between 1100-1300 °C, and (ii) the retarded formation
of mullite. These observations were attributed to an
epitaxial effect of a-Al,O5 seeds which preferentially
induced the formation of the corundum phase before
mullite formed in the matrix.

5. The a-Al,O5 seeding also increased the fraction
of tetragonal zirconia in the alumina-mullite-zirconia
composites sintered above 1400 °C.
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